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Abstract

Neuroinflammation is a hallmark of multiple sclerosis (MS). MS is marked by glial cell
activation, autoreactive T cells, and the release of pro-inflammatory cytokines and free
radicals. Current therapeutic strategies aim to modulate the immune response using
disease-modifying therapies, to slow disease progression. The specific aims of this study
were: (a) to investigate the effect of cannabinoid acids on the release of glial neuroinflam-
matory mediators, (b) to examine the effect of intraperitoneally administered cannabinoid
acids on symptoms of MS, and (c) to evaluate their effects on microglial and astrocyte
activation and CD4" T cell infiltration into the spinal cords of MS mice. Exposure of BV2
microglia to cannabinoid acids attenuated lipopolysaccharide (LPS)-induced expression
of inducible nitric oxide synthase by 40-90% it also reduced the release of nitric oxide
and interleukin-17A. Among the cannabinoid acids tested, cannabidiolic acid (CBDA)
significantly increased tumor necrosis factor alpha (TNF«x) secretion by up to 40% in LPS-
stimulated BV2 cells. Intraperitoneal administration of CBDA also resulted in a twofold
increase in TNF« secretion in splenocytes isolated from MS mice, compared to untreated
MS controls. This study provides evidence that CBDA significantly reduces neurological
scores, while both cannabinoid acids attenuate microgliosis, astrogliosis, and CD4+ T cell
migration in lumbar spinal cord sections of MS mice. These compounds cross the blood-
brain barrier (BBB) and act directly within the central nervous system. The consistent
elevation of TNFu in the presence of CBDA across three experimental models suggests
a distinctive immunomodulatory role for CBDA, with potential therapeutic implications
in MS.
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multiple sclerosis

1. Introduction

Neuroinflammation is a defining feature of multiple sclerosis (MS), a disease marked
by glial activation, autoreactive T cells, and the release of cytokines and free radicals.
Demyelination and neuronal loss occur in the context of this inflammatory environ-
ment [1-4]. Current therapeutic approaches focus on modulating the immune response
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using disease-modifying therapies [5-8]. Despite this, the pathogenesis of MS is not com-
pletely known [9-11].

A key contributor to MS pathology is the activation of microglia, the macrophages of
the central nervous system (CNS). Microglial activation plays a significant role in both the
onset and the progression of MS [12,13]. These cells adopt different activation phenotypes,
including classical and alternative activation states. While classical activation causes
the release of cytokines, chemokines, and nitric oxide, which contribute to oxidative
stress and synaptic impairment, alternative activation supports phagocytosis and tissue
regeneration [14].

Tumor necrosis factor-alpha (TNFo) is a key mediator in neuroinflammation and plays
a significant role in MS pathogenesis. TNFx is released by dysregulated immune cells
and initiates a cascade of inflammatory processes that contribute to demyelination and
axonal injury. However, clinical trials using anti-TNF«x therapies in MS patients resulted
in a more severe, non-remitting disease [15], indicating that TNF« plays a dual role in
neuroinflammation, with both pathogenic and protective functions [16].

The migration of CD4* T cells, particularly T helper 1 (Th1) and T helper 17 (Th17) cells,
from the peripheral immune system into the CNS is a critical step in MS [17]. These T cells
maintain a neuroinflammatory environment characterized by sustained glial activation and
demyelination. Th1 cells primarily secrete TNF«, while Th17 cells predominantly produce
interleukin-17A [IL-17A; [18]]. IL-17A promotes the release of additional pro-inflammatory
cytokines. Microglia including BV2 cells, produce IL-17A under inflammatory condi-
tions. LPS-elevated IL-17A levels [19-22] have been associated with increased severity of
experimental autoimmune encephalomyelitis (EAE), a standard animal model of MS [23].

Cannabinoids, phytochemical compounds found in cannabis plants, modulate the
immune response by regulating cytokine production and release, including TNF«x lev-
els [24,25]. Cannabinoid acids, including tetrahydrocannabinolic acid (THCA) and
cannabidiolic acid (CBDA), are precursors of the main active cannabinoids tetrahydro-
cannabinol (THC) and cannabidiol (CBD), respectively. CBDA and THCA are the main
cannabinoids found in cannabis and have attracted attention for their potential im-
munomodulatory properties [25]. Structurally, these acidic precursors are distinguished by
the presence of a carboxylic acid group at the C-2 position of the aromatic ring, a feature
that is lost during decarboxylation into their neutral forms and provides a unique chemical
basis for interacting with neuroinflammatory targets [26-28].

Notably, activation of peroxisome proliferator-activated receptor gamma (PPARY),
represents a well-established immunomodulatory pathway relevant to MS [29]. A key
structural feature shared by virtually all canonical PPAR agonists, both endogenous fatty
acids and synthetic ligands, is the presence of an acidic head group, which enables critical
hydrogen bonding and electrostatic interactions within the receptor’s ligand-binding do-
main [30,31]. The carboxylic group of THCA and CBDA may therefore facilitate direct and
potentially enhanced engagement of PPAR signaling compared to decarboxylated cannabi-
noids [32,33]. We now hypothesize that this structural feature confers mechanistically
distinct immunomodulatory properties, supporting cannabinoid acids as a differentiated
therapeutic strategy in neuroinflammatory disease.

While much of the existing literature focuses on the decarboxylated counterparts THC
and CBD, these non-psychoactive acidic precursors offer distinct pharmacological and
pharmacokinetic advantages that are particularly relevant to neuroinflammatory patholo-
gies [34]. Both compounds cross the blood-brain barrier (BBB) [35]. In an Alzheimer’s
disease (AD)-like model involving neuroinflammation, CBDA and THCA rescued memory
deficits and reduced AD- pathology [36-38]. Pharmacokinetic studies indicate that CBDA
and THCA exhibit greater efficacy and bioavailability than CBD and THC, as reflected
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by higher peak serum concentrations (Cmax) [39]. Beyond their improved bioavailability,
in some cases, these acidic cannabinoids demonstrate greater potency than their neutral
counterparts. For example, cannabinoid acids activate PPARy more effectively than decar-
boxylated CBD and THC. Phyto cannabinoids that remain poorly characterized or have
received limited attention in the literature may offer distinct advantages in modulating
neuroinflammation and preventing neurodegeneration. In this study, we investigate for
the first time the role of cannabinoid acids in modulating in vitro glial inflammation and
EAE mouse model of MS.

2. Results and Discussion

Current research on MS primarily focuses on the mechanisms of neuroinflammation
and its associated pathologies, including neurodegeneration. Many studies aim to identify
specific subsets of immune cells or signaling molecules involved in the inflammatory
cascade and to develop targeted interventions [40,41]. While cytokine production and
release are known to play a central role in remodeling the neuroinflammatory environment,
the precise mechanisms underlying cytokine regulation during neuroinflammation remain
incompletely understood. In this study, we explored the potential of the cannabinoid
acids CBDA and THCA (Figure 1) to modulate TNF«x and other cytokines implicated in
MS pathogenesis. Our findings provide direct evidence supporting immunomodulatory
effects of CBDA and THCA in both in vitro and in vivo models, highlighting their potential
therapeutic relevance in MS.
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Figure 1. The molecular structures of CBD, THC, CBDA and THCA.

To assess cytotoxicity, increasing concentrations of THCA (Figure 2A,B) and CBDA
(Figure 2C,D) were tested in the presence of LPS in BV2 and rat primary cells. LPS is widely
used as a neuroinflammatory stimulus in glial cell models and is known to trigger relapses
in EAE mice [42]. Furthermore, elevated LPS levels (endotoxemia) have been described
in patients with MS, suggesting a link between peripheral immune activation and CNS
pathology [43]. The concentrations for each cannabinoid were selected based on preliminary
dose-response screenings also using the XlightlyTT assay. Our objective was to compare
the compounds at their respective optimal bioactive ranges rather than on a strictly molar-
to-molar basis, since acidic and neutral forms exhibit different pharmacological potencies
and uptake kinetics.

THCA did not significantly affect cell viability in BV2 cells, except at 25 uM, which
caused a slight reduction. In contrast, 25 uM THCA was toxic to primary glial cultures.
Treatment with 5 uM CBDA slightly increased BV2 cell viability relative to the control, and
a similar trend was observed in primary cells at 25 uM CBDA.
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Figure 2. Effect of CBDA and THCA on cell proliferation. BV2 microglial cells (A,C) and primary
mixed glial cultures (B,D) were incubated for 22 h with LPS (7 ng/mL for BV2 cells or 0.5 pg/mL
for primary mixed glia) with or without CBDA or THCA at concentrations of 5, 10, or 25 pM.
Cell proliferation was determined using an XTT assay as detailed in Materials and Methods. Data
represents results from three independent experiments and are presented as means + SEM (n > 15).
Statistical analysis was performed using one-way ANOVA followed by Tukey-Kramer multiple
comparisons post hoc test. * p < 0.05 vs. control, *** p < 0.001 vs. control, " p < 0.05 vs. LPS,
" p <0.001 vs. LPS. ### p < 0.001 vs. LPS + THC 5 uM.

Our findings show that CBDA and THCA did not exert cytotoxic effects on BV2
microglia in the presence of LPS. This aligns with previous reports, including the study by
Nadal et al. which showed neuroprotective effects of THCA via PPARy signaling.

Treatment with THCA reduced LPS-induced NO production in a concentration-
dependent manner. In BV2 cells, 5 and 25 uM THCA decreased NO levels by 40-95%,
while THC at 5 and 10 uM reduced NO secretion by 30 and 50%, respectively (Figure 3A).
In LPS-activated primary glial cells, 5 and 10 uM THCA decreased NO production by up
to 20%, and a similar effect was observed with 5 uM THC (Figure 3B). Treatment with
CBDA at 10 and 25 uM significantly decreased LPS-induced NO secretion in both BV2 cells
(Figure 3C) and primary glia (Figure 3D) by 20% and 50%, respectively. Treatment with
5 uM CBD reduced NO production by 40% in BV2 cells (Figure 3C), but this effect was not
observed in primary glia (Figure 3D).

These findings suggest that THCA is more effective than THC, suggesting that its acidic
form may have enhanced immunomodulatory properties in microglial cells (Figure 3A).
In primary mixed glial cultures, both THCA and THC treatments produced comparable
reductions in NO secretion. However, treatment with 5 uM CBDA was more effective
than CBD in inhibiting NO production in BV2 cells, suggesting distinct mechanisms of
action between acidic and neutral cannabinoids and potential cell-type specificity. This cell-
type dependence may be attributed to the differential expression of cannabinoid-sensitive
receptors on microglia and astrocytes [44,45]. The limited effect of CBD in primary mixed
glial cultures, which are predominantly astrocytes, supports this interpretation.
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Figure 3. CBDA, THCA, and their neutral derivatives reduce glial NO secretion. BV2 cells (A,C)
and primary mixed glial cultures (B,D) were incubated for 22 h with LPS (7 ng/mL for BV2 cells;
0.5 pg/mL for primary glia), with or without THCA or THC (A,B), or CBDA or CBD (C,D) at different
concentrations (5, 10, 25 uM). NO levels in the culture medium were quantified, and the cells were
counted at the end of the experiment. Data represents results from three independent experiments
and are presented as means £ SEM (n > 15). Statistical analysis was performed using one-way
ANOVA followed by Tukey—Kramer multiple comparisons post hoc test. ***—p < 0.001 vs. control,
"—p < 0.001 vs. LPS, "—p < 0.01 vs. LPS, "—p < 0.05 vs. LPS, ###—p < 0.001 vs. LPS + THCA 5 uM,
$$$—p < 0.001 vs. LPS + CBDA 10 uM, &&&__ < 0.001 vs. LPS + THC 5 uM.

The distinct biological effectiveness of these cannabinoid acids likely stems from their
unique structural attributes. Unlike their neutral counterparts, these acidic precursors
possess a carboxylic acid functional group (-COOH) at the C-2 position of the aromatic ring,
a feature that aligns them structurally with established classes of potent anti-inflammatory
agents. Specifically, the presence of a salicylic acid within these molecules creates a struc-
tural parallel to classical non-steroidal anti-inflammatory drugs [46]. This acidic group
functions as a molecular “anchor”, facilitating a higher density of polar interactions and
hydrogen bonding within the binding pockets of target proteins. Interactions that are chem-
ically impossible for neutral cannabinoids to establish. The functional criticality of this free
carboxylic group is further validated by the design of synthetic analogs like Ajulemic Acid,
which was engineered with an acidic terminus specifically to enhance affinity for the PPARy
receptor while eliminating psychotropic effects [47]. Evidence from prior methylation stud-
ies, where masking the acidic group led to a complete loss of Cyclooxygenase-2 selectivity
and diminished receptor activation, reinforces the rationale that the acidic form is the
primary driver of bioactivity. In addition, the discovery that 7-COOH-CBD acts as a potent
anti-inflammatory agent further supports the notion that the presence of a carboxylic acid
group is a critical determinant of cannabinoid bioactivity.
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The effect of CBDA and THCA on iNOS protein expression in BV2 cells was assessed
by Western blot analysis (Figure 4). Semi-quantitative analysis showed that THCA at
5and 10 uM (Figure 4A,B) and CBDA at 10 and 25uM (Figure 4C,D) significantly reduced
iNOS expression in LPS-activated BV2 cells. Neither compound altered iNOS expression in
unstimulated cells. These results provide molecular validation for the observed reduction
in NO secretion described above. Since iNOS is the primary enzyme responsible for the
sustained production of NO during neuroinflammation [48], the downregulation of its
protein expression explains the potent inhibitory effects of CBDA and THCA.
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Figure 4. CBDA and THCA reduce iNOS protein expression in BV2 cells. BV2 cells were incubated
for 22 h with LPS (7 ng/mL) with or without THCA (A,B) or CBDA (C,D) at different concentrations
(5,10, 25 uM). SDS-PAGE and Western blot analysis were performed using antibodies against iNOS
and B-actin. The immunoblot images represent two independent experiments. Semi-quantitative
analysis (A,C) was performed using Image J 1.43m software. Data are presented as means - SEM
(n = 4). Statistical significance was determined using one-way ANOVA followed by Tukey-Kramer
multiple comparisons post hoc test. *** p < 0.001 vs. control, ** p < 0.01 vs. control, " p < 0.001 vs. LPS,
~—p <0.01 vs. LPS. "—p < 0.05 vs. LPS.

During MS progression, glial-derived pro-inflammatory cytokines contribute to de-
myelination and sustained neuroinflammation. Previous studies have suggested that
modulating glial and T cell responses toward anti-inflammatory cytokine profiles may slow
MS progression. In this context, the impact of THCA, CBDA, and their neutral derivatives
on TNF« secretion was also examined (Figure 5). In BV2 cells, neither THC nor THCA
significantly altered LPS-induced TNNFu secretion at most tested concentrations. How-
ever, treatment with 25 pM THCA significantly increased TNF« secretion in BV2 cells
(Figure 5A). In contrast, in primary mixed glia, treatment with 10 pM THCA and 5 uM
THC (Figure 4B) significantly reduced LPS-induced TNF« secretion. Treatment with CBDA
at 10 pM and 25 uM in BV2 cells and 25 uM CBDA in primary glia caused a significant
increase in TNF«x secretion (Figure 5C,D).
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Figure 5. Effect of CBDA and THCA on TNF« production in BV2 and primary glial cells. BV2 (A,C)
and primary glial cells (B,D) were incubated for 22 h with LPS (7 ng/mL) and treated with
CBDA, THCA, or their neutral derivatives (CBD and THC, respectively) at different concentra-
tions (5, 10, 25 uM). Culture media were collected and analyzed for TNF« levels using ELISA. Data
represents results from three independent experiments and are presented as means + SEM (n = 15).
Statistical analysis was performed using one-way ANOVA followed by Tukey—Kramer multiple
comparisons post hoc test. *** p < 0.001 vs. control, ** p < 0.01 vs. control, * p < 0.05 vs. control,
"“"—p <0.001 vs. LPS, "—p < 0.01 vs. LPS, "—p < 0.05 vs. LPSp < 0.001 vs. LPS + THCA 5 uM,
$%%_p vs. LPS + THCA 10 uM.

While TNF« is widely recognized as a pro-inflammatory cytokine, it also possesses
anti-inflammatory and regenerative properties [49,50]. Thus, TNF«x plays a dual role in
neuroinflammation [16], which may be mediated by two different receptors: TNF receptor 1
(TNFR1) mediates demyelination and apoptosis, while TNF receptor 2 (TNFR2) promotes
neuroprotection [51]. In the EAE model, TNFa-deficient mice show delayed disease
onset [52,53]. Exogenous TNF« treatment has been shown to reduce disease severity and
demyelinating lesions in the brain and spinal cord [54].

The mechanistic basis underlying the CBDA-mediated increase in TNFx remains
incompletely resolved. Preservation of cellular metabolic activity in the XTTassay in-
dicates that CBDA does not exert direct cytotoxic effects under the conditions selected
(Figure 2). Furthermore, the marked suppression of iNOS expression and NO production
(Figures 3 and 4) argues against a mechanism involving nitrosative amplification of TNF-
mediated cutotoxicity [55]. However, several limitations prevent definitive attribution of
these observations to activation of a protective signaling axis. In particular, the absence
of TNFR1/2-specific inhibition studies and the lack of comprehensive downstream path-
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way analyses, such as evaluation of pro-survival signaling cascades or apoptotic markers,
preclude a conclusive mechanistic interpretation.

IL-17A secretion was also measured in LPS-treated BV2 cells. While IL-17A is indeed
a hallmark of Th17 lymphocytes, several studies have demonstrated that microglial cells,
including the BV2 line, can express and secrete IL-17A under specific inflammatory stimuli,
such as LPS [19-22].

THCA reduced IL-17A levels by up to 70% (Figure 6A). CBDA at 25 uM and CBD
at 5 uM reduced IL-17A secretion by approximately 30% (Figure 6B). Among the neutral
derivatives, 5uM CBD and 10 uM THC decreased IL-17A secretion by 25% and 40%,
respectively (Figure 6A,B). CBDA and THCA demonstrated immunomodulatory effects by
attenuating LPS-induced expression of iNOS and IL-17A in multiple microglial models.
These findings are particularly relevant in the context of neuroinflammation, as both
iNOS and IL-17A are closely linked to immune activation and have been implicated in
neurodegenerative diseases and brain damage.
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Figure 6. Effect of CBDA, THCA, and their neutral derivatives on IL-17A production in LPS-treated
BV2 cells. BV2 cells were incubated for 22 h with LPS (7 ng/mL) and treated with THCA (A),
CBDA (B), or their respective neutral derivatives, CBD and THC, at concentrations of 5 or 10uM
Culture media were collected and analyzed for IL-17A levels by ELISA. Data represents results
from three independent experiments and is presented as mean + SEM (n = 15). Statistical analysis
was performed using one-way ANOVA followed by Tukey-Kramer multiple comparisons post hoc
test. *** p < 0.001 vs. control, ** p < 0.01 vs. control, * p < 0.05 vs. control, " p < 0.001 vs. LPS,
" p<0.01vs. LPS.

CBDA and THCA were evaluated in vivo using an MOG-induced EAE mouse model.
Clinical symptoms onset occurred around day 7 post-immunization (p.i) and progressively
worsened over the course of the experiment. Starting on day 11 p.i., mice were treated
once daily with CBDA or THCA (10 mg/kg) for seven consecutive days. Both treatments
demonstrated a trend toward clinical improvement compared to vehicle-treated MOG-
immunized (MOG + Veh) mice. On day 14 and 17 p.i, CBDA-treated mice showed a
significantly lower mean clinical score compared to the MOG + Veh group (Figure 7).

These findings suggest that CBDA can attenuate neurological deficits in EAE mice, as
evidenced by reduced clinical scores. We acknowledge the small sample size as a limitation
of this study. While these cohorts were sufficient to identify significant therapeutic trends,
future studies with larger groups are warranted to further validate these findings.

The dissociation between elevated TNF«, reduced other markers and improved clinical
outcome argues against a purely pathogenic TNFR1-dominant response. We now explicitly
acknowledge the absence of receptor-specific and pathway-level analyses as a limitation and
state that future studies will address TNFR1/TNFR2 balance and downstream signaling to
mechanistically define CBDA’s immunomodulatory effects.
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Figure 7. CBDA treatment ameliorates clinical symptoms in MOG-induced EAE mice. Four groups of
mice were used: (a) MOG-immunized mice (orange); (b) MOG-immunized mice treated with THCA
(violet); (c) MOG-immunized mice treated with CBDA (green) and (d) untreated, non-immunized
mice (gray). CBDA and THCA were administered intraperitoneally at 10 mg/kg once daily for seven
days, starting on day 11 post-immunization (blue arrow). Results are presented as mean + SEM
(n=4-6). *p <0.05vs. MOG, ** p < 0.01 vs. MOG. Statistical significance was determined using
Two-way Repeated-Measures ANOVA followed by Bonferroni post hoc test.

To evaluate the systemic immunomodulatory effects of cannabinoid acids, TNFo and
IL-17A secretion were measured in culture media from splenocytes isolated from control
mice (untreated), EAE mice (MOG + Veh), or EAE mice treated with MOG and CBDA or
THCA. Splenocytes from CBDA-treated EAE mice exhibited a twofold increase in TNFx
production compared to the MOG + vehicle group (Figure 8A), whereas no such increase
was observed with THCA treatment. In contrast, IL-17A levels were significantly reduced,
by over 80%, in splenocyte cultures from both CBDA- and THCA-treated mice relative
to the MOG + vehicle group (Figure 8B). These cytokine levels reflect a recall response to
MOG stimulation ex vivo.
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Figure 8. CBDA and THCA modulate TNFx and IL-17A secretion by splenocytes. Spleno-
cytes were isolated from the four experimental groups described in Figure 6, restimulated ex
vivo with MOG (1 pg\mL), and cultured for 48 h. Levels of TNFax (A) and IL-17A (B) in the
splenocyte culture supernatants were measured by ELISA. Data are presented as means + SEM
from two independent experiments (n = 12). Statistical analysis was performed using one-
way ANOVA followed by Tukey-Kramer multiple comparisons post hoc test *** p < 0.001
vs. untreated, **p <0.01 vs. untreated, *p < 0.05 vs. untreated, ** p < 0.001 vs. MOG + Veh,
" p <0.01 vs. MOG + Veh, " p < 0.05 vs. MOG + Veh, ### p < 0.001 vs. MOG + THCA.
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Iba1

GFAP

CD4+

The consistent elevation of TNF« by CBDA across different models (cell lines, primary
cultures, and systemic immune cells) alongside a profound reduction in IL-17A underscores
the complex immunomodulatory nature and pleiotropic immunomodulatory effects of
CBDA, warranting further investigation into its specific regulatory mechanisms. While the
precise biological significance of this divergent response remains to be fully elucidated, the
robust inhibition of IL-17A, a key driver of EAE pathology, correlates with the observed
clinical improvement.

To examine glial activation, microglial and astrocyte responses were assessed in the
lumbar region of the spinal cord (Figure 9A: representative images; Figure 9B: quan-
tification). EAE mice showed a significant increase in microgliosis, indicated by Iba-1
immunoreactivity (Figure 9d), and astrocytosis, indicated by GFAP staining (Figure 9e),
compared with untreated controls (Figure 9a,b). Treatment with CBDA or THCA signif-
icantly attenuated these responses. Microglial activation was reduced by approximately
50% (Figure 9g,j) and astrocytic activation by approximately 30% (Figure 9h k), relative to
the MOG + vehicle group.
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Figure 9. Effect of CBDA or THCA on glial activation and CD4* T cell infiltration in the lumbar spinal
cord. (A) Representative confocal images of lumbar spinal cord sections stained for microglia (Ibal;
panels (a,d,g,j)), astrocytes (GFAP; panels (b,e h,k)), and CD4* T cells (CD4; panels (c,f,i1)). Cell
nuclei were counterstained with DAPI (blue). Images were acquired at x40 magnification. Sections
were 30 um thick. The data are representative of two independent experiments; 3—4 sections were
analyzed per mouse (n = 6 per group). (B) Quantification of Iba-1, GFAP, and CD4 immunoreactivity.
Data are presented as means = SEM and were analyzed using Image]J software. Statistical analysis
was performed using one-way ANOVA followed by Tukey-Kramer multiple comparisons post hoc
test. aaa: p < 0.001 vs. control, bbb: p < 0.001 vs. MOG + Veh, ccc: p < 0.001 vs. MOG + THCA.

Infiltration of CD4+ T cells into the lumbar spinal cord was also evaluated. EAE mice
exhibited increased CD4" immunofluorescence intensity, indicating elevated T cell infiltra-
tion (Figure 9f). Treatment with CBDA (Figure 9i) or THCA (Figure 91) led to a significant
reduction in CD4" T cell presence in the spinal cord, compared to the MOG + vehicle group.

This study also suggests that THCA, and to a greater extent CBDA, can decrease
microgliosis, astrogliosis, and CD4" T cell migration into lumbar spinal cord (Figure 9).
These findings are significant in the context of MS pathogenesis, where the activation
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and CNS migration of CD4" T cells, particularly T helper 1 (Th1) and T helper 17 (Th17)
subsets, play a central role [17]. These T cell populations help sustain a neuroinflammatory
environment, characterized by sustained glial activation and neurodegeneration, and are
associated with EAE severity. Among these, Th1 CD4" cells are particularly relevant, as
their cytokines drive inflammation and contribute to disease progression and symptom
worsening [56]. The reduction in CD4* T cell infiltration following treatment with cannabi-
noid acids suggests an immunomodulatory effect that may help mitigate key drivers of
MS pathology.

Our findings are consistent with previous studies demonstrating the therapeutic
potential of CBDA and THCA in various in vivo models. Additionally, the concentrations
of CBDA and THCA used in this study are consistent with those applied in human cell lines
and in vivo reinforcing the translational relevance of our findings. CBDA has been shown
to exert anti-hyperalgesic and anti-inflammatory effects in a rodent model of inflammation-
related pain [57] and to reduce seizure activity, anxiety, and depressive-like behavior in
an acute seizure model in rats [58]. THCA has been reported to alleviate liver fibrosis
and inflammation in mice, likely through activation of peroxisome proliferator-activated
receptors, and to provide neuroprotection in a mouse model of Huntington’s disease [59,60].
Taken together, these findings support the therapeutic promise of cannabinoid acids in the
treatment of MS and related neuroinflammatory conditions.

However, in the present EAE model, while both compounds attenuated spinal cord
neuroinflammation, only CBDA treatment achieved a statistically significant reduction in
clinical scores. Furthermore, the observed elevation of TNFa by CBDA, though associated
with clinical stabilization, requires cautious interpretation. We explicitly acknowledge the
absence of TNFR1/2-specific inhibition and downstream signaling analyses as a limitation
of this study. Future research is warranted to fully define the TNFR1/TNFR2 balance
and mechanistically elucidate the neuroprotective potential of these non-psychoactive
cannabinoid acids.

3. Materials and Methods

The agents used included CBDA, THCA, and lipopolysaccharides (LPS) from E. coli
Serotype 055: B5 (Sigma-Aldrich Israel Ltd., Rehovot, Israel). CBDA and THCA were
isolated from plant material and analytically characterized prior to biological testing.
Analytical HPLC purity was determined using a reversed-phase C18 column with UV
detection. Both compounds showed chromatographic purity >95%. Identity was further
confirmed by LC-MS analysis based on the expected molecular ions and fragmentation
patterns. Representative chromatograms and spectra are provided in the Supporting
Information (Figures S1 and S2). To minimize decarboxylation, both compounds were
stored as dry powders at —20 °C, protected from light and moisture, and prepared fresh in
solvent immediately prior to use.

3.1. Cell Cultures
3.1.1. BV2 Microglia Cell Cultures

The murine BV2 microglial cell line (see Acknowledgments for line details) was
grown in RPMI-1640 supplemented with 4 mM L-glutamine, 10% fetal calf serum (FCS),
100 U/mL penicillin, and 100 pg/mL streptomycin. Cells were maintained in a humidified
incubator at 37 °C with 5% CO;. For experiments, cells were seeded on 24-well plates at
a density of 3 x 10° cells per well or 6-well plates at 1 x 10° cells per well and incubated
overnight. The following morning, prior to each experiment, the cells were incubated in
serum-free medium (SFM) for 4 h. After SFM removal, test agents were added in SFM
containing 0.1% bovine serum albumin (BSA), 1% FCS, and 10 mM HEPES buffer, pH 7 4,

https:/ /doi.org/10.3390/molecules31071227


https://doi.org/10.3390/molecules31071227

Molecules 2026, 31, 1227

12 0f 18

for different time intervals. BV2 cells were provided by Dr. Rosario Donato, Department
of Experimental Medicine and Biochemical Sciences, Section of Anatomy, University of
Perugia, Perugia, Italy.

3.1.2. Primary Glial Cell Cultures

Primary neonatal mixed rat glial cell cultures were prepared from whole brains of
1-day-old Wistar rats, according to previously established work [61]. Immunocytochemistry
studies, conducted as previously described [61], revealed that these cultures are composed
of approximately 80% astrocytes and 20% microglia.

3.2. Cell Proliferation

Cells were seeded at a density of 1 x 10* cells per well in 96-well plates and incubated
overnight in complete RPMI-1640 medium. The following day, cells were treated with
test agents as described above. The XTT assay was used to assess cell proliferation and
metabolic activity, based on the reduction of XTT reagent (2,3-Bis-(2-Methoxy-4-Nitro-
5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide) to an orange water-soluble formazan
product by mitochondrial dehydrogenases in metabolically active cells. XTT reagent was
prepared by mixing it with the activation reagent (N-methyl dibenzopyrazine methyl
sulfate), at a 50:1 ratio, according to the manufacturer’s protocol (Biological Industries,
Kibbutz Beit-Haemek, Israel), and added to each well in a 1:2 ratio. After a 1 h incubation
at 37 °C, absorbance was measured at 450 nm with a reference wavelength of 650 nm using
a microplate reader (Model 680, Bio-Rad, Hercules, CA, USA).

3.3. Quantification of NO Levels (Griess Reaction)

NO levels in the media were determined by measuring nitrite levels in the culture
supernatants using the Griess reaction. Equal volumes of culture supernatant and Griess
reagent (Sigma-Aldrich Israel Ltd., Rehovot, Israel) were mixed in a 96-well plate and
incubated in the dark for 15 min at room temperature. Absorbance was measured at
540 nm using a microplate reader (Bio-Rad Laboratories Ltd., Rishon Le Zion, Israel).
Nitrite concentrations were calculated based on a sodium nitrite standard curve.

Following each experiment, cells were collected after a 1 h incubation with 1 mL
Isoflow sheath fluid (Beckman Coulter, Inc., Brea, CA, USA) at 4 °C and counted using a
Countess 3 automatic cell counter (Thermo Fisher Scientific, Waltham, MA, USA).

3.4. Quantification of TNFa Levels (ELISA)

TNF« levels in media were determined using the ELISA MAX™ standard set mouse
enzyme-linked immunosorbent assay kit (Biolegend, San Diego, CA, USA) according to
the manufacturer’s protocol.

3.5. SDS-PAGE and Western Blot Analysis

Whole-cell lysates containing 40 pg of protein were separated on 7.5% SDS-polyacrylamide
gels and transferred to nitrocellulose membranes. Membranes were blocked with 4% BSA for
90 min at room temperature and incubated overnight at 4 °C with a rabbit anti-iINOS antibody
(1:500, Cayman Chemicals, Ann Arbor, MI, USA). After washing, membranes were incubated
for 90 min at room temperature with a donkey anti-rabbit secondary antibody conjugated to
horseradish peroxidase (1:10,000, GE Healthcare, Buckinghamshire, UK). Immunoreactivity
bands were detected using an enhanced chemiluminescence (ECL) solution and visualized
with a luminescent image analyzer (Image Quant LAS 500; Cytiva, Uppsala, Sweden). Semi-
quantitative analysis was performed using Image ] software (version 1.43 NIH, Bethesda,
MD, USA). Band intensities were normalized to (3-actin protein levels, determined using
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a mouse monoclonal anti-(3-actin-peroxidase antibody (1:20,000; Sigma-Aldrich Israel Ltd.,
Rehovot, Israel).

3.6. Active MOG-Induced EAE Model

Eight-week-old female C57BL/6 mice (Envigo, Jerusalem, Israel) were immunized
with myelin oligodendrocyte glycoprotein (MOG) [peptide 35-55] (AnaSpec, Fremont, CA,
USA). Each mouse was injected subcutaneously (s.c.) at two sites on the back, adjacent to
each of the hind limbs (total volume 200 uL), containing 200 pg MOG emulsified with com-
plete Freund’s adjuvant (BD Biosciences, Sparks, MD, USA) supplemented with 200 pug/mL
heat-killed Mycobacterium tuberculosis H37RA. Immediately afterward, mice were injected
intraperitoneally (i.p.) with 400 ng/mL reconstituted pertussis toxin (Cayman Chemicals,
Ann Arbor, MI, USA), with a second dose given two days later. All procedures were
conducted in accordance with national and institutional guidelines for the care and use of
laboratory animals. After immunization, the mice were evaluated for neurological scores
using the following clinical scoring scale: 0 no symptoms; 0.5 tip of tail limp; 1.0 complete
tail limpness; 1.5 limp tail and hind leg inhibition; 2.0 limp tail and weakness of hind
legs; 2.5 limp tail and hind dragging legs; 3.0 limp tail and partial paralysis of hind legs;
3.5 complete paralysis of hind limbs; 4.0 complete hind leg and partial front leg paralysis;
4.5 complete hind and front leg paralysis; 5.0 moribund. We confirm that animals were
randomized into treatment groups at the onset of symptoms. This randomization ensured
that both the MOG + Veh and MOG + CBDA groups started with balanced baseline disease
severity, confirming that the significant improvements are strictly attributable to CBDA
administration (61).

Starting on day 11 post-immunization, mice were treated i.p. once daily for seven
consecutive days. Control EAE mice (n = 4) received the vehicle (Veh) solution com-
posed (Tween-20: ethanol:saline 1:1:8). Treatment groups received either CBDA or THCA
(10 mg/kg/day) dissolved in the vehicle solution (n = 6 for each treatment). The experiment
was terminated 18 days after disease onset. Spleens were harvested under sterile conditions
and immediately placed in cold PBS. Cardiac perfusion was then performed using PBS,
followed by 4% Paraformaldehyde (PFA).

3.7. Splenocyte Cultures

Each spleen was washed with sterile PBS solution containing 1 mM EDTA. The tissue
was then mechanically dissociated by pressing it through a 70 um cell strainer using the
back of a syringe piston, in PBS/EDTA solution. The resulting suspension was filtered
again into a clean test tube, and cells were pelleted at 300x ¢ for 10 min at 4 °C. After
discarding the supernatant, cells were treated with red blood cell lysis buffer (150 pM
NH4Cl, 10 pM NaHCO3, and 1 uM EDTA in DDW) for 10 min at room temperature.
Subsequently, PBS/EDTA buffer was added, and cells were centrifuged at 300x g for 10
min at 4 °C. After discarding the supernatant, splenocytes were diluted in DMEM culturing
medium supplemented with 10% FCS, 100 U/mL penicillin, 100 mg/mL streptomycin,
1% sodium pyruvate, 10 mM HEPES buffer, 1% non-essential amino acids, and 0.02%
[-mercaptoethanol. Cells were counted with a Countess 3 automatic cell counter (Thermo
Fisher Scientific, Waltham, MA, USA) using Trypan-Blue. Splenocytes were seeded in
U-bottom 96-well plates (1 x 10° cells per well). To stimulate the cells, 100 uL of MOG
peptide diluted in culture medium to a final concentration of 1 pg/mL was added to each
well. Cultures were maintained at 37 °C in a 5% CO, humidified incubator. After 48 h, the
medium was collected and cytokine levels were measured using ELISA kits (Biolegend,
San Diego, CA, USA) according to the manufacturer’s instructions.
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3.8. Immunohistochemistry

Spines were fixed in 4% PFA at 4 °C overnight and subsequently incubated in 20% su-
crose for 48 h at 4 °C. Spinal cords were subsequently dissected, separated into thoracic and
lumbar sections, mounted in OCT (Scigen Scientific, Gardena, CA, USA), snap frozen at
—40 °C, and stored at —80 °C. Frozen tissues were sectioned horizontally into 30 pm slices
using a microtome cryostat (Leica Biosystems, Vienna, Austria) and stored in ethylene
glycol:glycerol:PBS (1:1:2) at —20 °C until further processing.

Lumbar spinal cord sections were washed with PBS supplemented with 0.05% Tween
20 (PBST) and blocked using 1% BSA and 10% host serum (matching the species of the
secondary antibody) diluted in PBS with 0.3% Triton X-100. Sections were incubated
overnight at 4 °C with the following primary antibodies: mouse anti-glial fibrillary acidic
protein (GFAP; 1:400, Millipore), rabbit anti-Iba-1 antibody (1:1000, FUJIFILM Wako), and
rat anti-CD4" antibody (1:50, BD Pharmingen). The next morning, sections were washed
with PBST and incubated for 1 h at room temperature in a dark environment with the
corresponding secondary antibodies: Alexa Fluor 647-conjugated donkey anti-mouse IgG,
Alexa Fluor 647-conjugated donkey anti-rabbit IgG, and Alexa Fluor 488-conjugated goat
anti rat IgG (1:200, Jackson Immuno Research Inc., West Grove, PA, USA). Secondary
antibodies were diluted in 1% BSA and 1% host serum in PBS with 0.15% Triton X-100.
Nuclear staining was performed using DAPI (1 pg/mL, Sigma-Aldrich, Rehovot, Israel),
followed by additional washes. Sections were then mounted onto glass slides using Immu-
Mount (Epredia Netherlands B.V., Breda, the Netherlands) for fluorescence microscopy.

3.9. Confocal Imaging Analysis

Quantification analysis of DAPI, Iba-1, GFAP, and CD4" cells in the spinal cords was
performed using the appropriate wavelengths (DAPI at 405 nm, Iba-1 and GFAP at 647 nm,
CD4" at 488 nm). All images were obtained using an Olympus FluoView FV1000 confocal
microscope (Olympus, Hamburg, Germany). The images were analyzed using Image ]
software (version 1.43 NIH, Bethesda, MD, USA).

4. Statistical Analysis

Results are presented as the mean + SEM for each experiment. To assess the statis-
tical significance of differences between treatment groups, one-way analysis of variance
(ANOVA) was performed, followed by a Post Hoc multiple comparison test (Tukey-Kramer
Multiple Comparison Test). Unpaired, two-tailed T-test was used for comparison between
two treatment groups, and p < 0.05 was considered statistically significant. EAE clini-
cal scores were analyzed using a Two-way Repeated-Measures ANOVA, treating ‘Time’
and “Treatment’ as the main factors. Post hoc comparisons between groups at individ-
ual time points were performed using the Bonferroni test, and p < 0.05 was considered
statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules31071227/s1. Figure S1. Representative chromatographic
and spectral characterization of CBDA. Figure S2. Representative chromatographic and spectral
characterization of THCA.
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Abbreviations

The following abbreviations are used in this manuscript:

MS Multiple Sclerosis

LPS Lipopolysaccharide

CBDA  Cannabidiolic Acid (CBDA)

TNF Tumor Necrosis Factor

BBB Blood Brain Barrier

PPAR Peroxisome Proliferator Activator

Th T helper
IL-17A  Interleukin-17A
EAE Experimental Autoimmune Encephalomyelitis

THCA  Tetrahydrocannabinolic Acid

NO Nitric Oxide

CBD Cannabidiol

THC Tetrahydrocannabidiol

iNOS Inducible Nitric Oxide Synthase
TNFR  Tumor Necrosis Factor Receptor
MOG  Mpyelin Oligodendrocyte Glycoprotein
BSA Bovine Serum Albumin

ELISA  Enzyme Linked Immunosorbent Assay
ECL Enhanced Chemiluminescence

Iba Ionized Calcium binding adaptor
GFAP  Glial Fibrillary Acidic Protein

EDTA  Ethylenediaminetetraacetic Acid

PFA Perfluoroalkoxy Alkane
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